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QG,QWHUQDWLRQDO&RQIHUHQFHRQ0HFKDQLFDO,QGXVWULDODQG0DQXIDFWXULQJ
(QJLQHHULQJ
')(0IRU6LQWHULQJRI6RODU&HOOZLWK%RURQ%DFN6XUIDFH
)LHOG%DVHGRQ6ROLGZRUN6LPXODWLRQ
/LDQJ<XD<DQ/L-LDQJD6HQ.DL/XE3HQJ/LXF:HQ)HQJ:DQJF
D.H\ODERUDWRU\RIQHZSURFHVVLQJWHFKQRORJ\IRUQRQIHUURXVPHWDOV	0DWHULDOV0LQLVWU\RI(GXFDWLRQ
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
$EVWUDFW
1XPHULFDO VLPXODWLRQZDV FDUULHGRXWRQ WKH VLQWHULQJSURFHVVRI WKH VRODU FHOOZLWKERURQEDFN VXUIDFH ILHOG %%6)
XVLQJ WKH ILQLWH HOHPHQW DQDO\VLV )($ VRIWZDUH6ROLGZRUN6LPXODWLRQ WR DQDO\]H WKHEHQGSUREOHPDQG WRREWDLQ WKH
GLVWULEXWLRQRI UHVLGXDO VWUHVV7KH LPSDFWZDVGLVFXVVHGRQ WKH WKLFNQHVVHVRI VLOLFRQPDWHULDO DQG%%6)RQ WKHEHQG
OHYHORIWKHFHOODQGWKHVWUHVVVWDWHRIWKHVRODUFHOOVXQGHUGLIIHUHQWEHQGOHYHOVZDVLQYHVWLJDWHG7KHUHVXOWVUHYHDOWKDW
WKHLQFUHDVLQJVLQWHULQJWHPSHUDWXUHFDXVHVLQFUHDVLQJERZDQGUHVLGXDOVWUHVVEXWQRWUHPDUNDEOHEHFDXVH%%6)DOUHDG\
KDVUHDFKHGWKH\LHOGVWUHVVWRFDXVHWKHSODVWLFGHIRUPDWLRQ7KHWKLQQHUZDIHUZLOOPDNHWKHERWKERZDQGUHVLGXDOVWUHVV
LQFUHDVH:KHQWKHWKLFNQHVVRIWKHZDIHUZDVORZHUWKDQȝPWKHUHZRXOGEHVRPHGDPDJHVRFFXUQHDUWKHHOHFWURGH
ZKLFKZDVWKHORFDWLRQRIUHVLGXDOVWUHVVFRQFHQWUDWLRQ,IWKHWKLFNQHVVRIZDIHULVEHORZȝPWKHUHPD\EHVRPHORFDO
GDPDJHVRFFXULQWKHUHJLRQRIWKHZDIHUQHDUWKHHOHFWURGH

3XEOLVKHGE\(OVHYLHU%9
6HOHFWLRQDQGSHHUUHYLHZXQGHUUHVSRQVLELOLW\RI,QIRUPDWLRQ(QJLQHHULQJ5HVHDUFK,QVWLWXWH

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,QWURGXFWLRQ
,Q WKHPDQXIDFWXUH RI VLOLFRQ VRODU FHOOV WKHPRVW FRVW HIIHFWLYH DQGZLGHO\ XVHGPHWKRGV RI DSSO\LQJ WKH
PHWDOOL]DWLRQVLV WKHDSSOLFDWLRQRIPHWDOEDVHGSDVWHVRULQNVWRERWKVLGHVRIWKHFHOO)RUWKHPHWDOOL]DWLRQ
DSSOLFDWLRQ VFUHHQ SULQWLQJ 63 LV WKH GRPLQDQW PHWKRG DFFRXQWLQJ IRU  RI WKH ZRUOG
V LQGXVWULDO
SURGXFWLRQ RI VLOLFRQ VRODU FHOOV >@ 7\SLFDO LQGXVWULDO VLOLFRQ VRODU FHOOV PDNH XVH RI D VFUHHQ SULQWHG
DOXPLQXP$OOD\HUDWWKHUHDUVLGHWKDWLVFRILUHGZLWKWKHIURQWVLGHPHWDOOL]DWLRQLQDEHOWIXUQDFH>@7KH
VRIRUPHG$OSURILOHZRUNVDVEDFNVXUIDFHILHOG$O%6)'XULQJWKHKHDWLQJDQGFRROLQJSURFHVVWKHVRODU
FHOOVGLVWRUW LQDERZVKDSH7KLV LVDVLJQLILFDQWSUREOHP LQ LQGXVWU\ IURPWKHDVSHFWVRIPRGXOHDVVHPEO\
UHOLDELOLW\ DQG HIILFLHQF\ RI WKH FHOOV >@7KH VLQWHULQJ SURFHVV ZDV LQYHVWLJDWHG DQG WKH ERZ LQGXFHG E\
GLIIHUHQWWKHUPDOH[SDQVLRQFRHIILFLHQWVRI$ODQGVLOLFRQZHUHDOVRLQYHVWLJDWHG>@7KHERURQEDFNVXUIDFH
ILHOG %%6) LV RQH RI WKH SURPLVLQJ WHFKQLTXHV IRU DFKLHYLQJ KLJK TXDOLW\ EDFN FRQWDFW ,W KDV WKUHH
DGYDQWDJHVRYHUWKH$O%6)DVWKHIROORZLQJLWFDQEHIRUPHGZLWKRXWLQGXFLQJKLJKVWUHVVLQWKHVXEVWUDWH
FDQ EH XVHG LQ FRQMXQFWLRQ ZLWK D GLHOHFWULF SDVVLYDWLRQ WR IXUWKHU HQKDQFH WKH SDVVLYDWLRQ DQG RSWLFDO
SURSHUWLHV DQG FDQSURYLGHKLJKHUS GRSLQJ FRQFHQWUDWLRQEHFDXVHRI LWV KLJKHU VROLG VROXELOLW\ OLPLW LQ6L
DOORZLQJEHWWHUSDVVLYDWLRQWREHDFKLHYHG>@6LQFHWKHPLVPDWFKRIKHDWH[SDQVLRQFRHIILFLHQWVEHWZHHQ
VLOLFRQDQGYDULRXVHOHFWURGHPDWHULDOVVXFKDV%%6)WKHUHVLGXDOVWUHVVHVWKXVFDXVHGGXULQJWKHVLQWHULQJ
SURFHVVKDYHVLJQLILFDQWLQIOXHQFHRQWKHTXDOLW\DQGWKHFRVWRIWKHSURGXFWV7KHDGYDQWDJHRIILQLWHHOHPHQW
PHWKRG)(0LVWKDWZHFDQVLPXODWHWKHEHKDYLRUVRIVWUXFWXUHE\WKHWUXHPDWHULDOSURSHUWLHV,QWKLVSDSHU
)(0ZDVXVHGWRVLPXODWHWKHVLQWHULQJSURFHVVRIFHOOZLWK%%6)WU\LQJWRILQGWKHEHVWFRPSRVLWLRQRI%
%6)DQGWKLFNQHVVHVIRUERWKWKHPHWDOOL]DWLRQVDQGWKHZDIHULWVHOI















,QWURGXFWLRQ
7KHZRUNZHFDUULHGRXW WRGHYHORSD)(0PRGHO WR VLPXODWH WKHERZDQG UHVLGXDO VWUHVVGXH WR VLQWHULQJ
SURFHVV7KHHODVWLFSHUIHFWO\SODVWLFPRGHORIWKHPDWHULDOLVDGRSWHGIRUVLOLFRQDQGERURQ,WLVSHUPLVVLEOH
DQGFRQYHQLHQWWRQHJOHFWWKHHIIHFWRIZRUNKDUGHQLQJDVVXPHWKDWWKHSODVWLFIORZRFFXUVDVWKHVWUHVVKDV
UHDFKHG WKH \LHOG VWUHVV >@ 7KH WHPSHUDWXUH HIIHFW LV GHVFULEHG E\ OLQHDU WKHUPDO H[SDQVLRQ FRHIILFLHQW
7KHUHDUHWZRPDLQPDWHULDOSURSHUWLHVQHHGHGWRVLPXODWHWKHEHKDYLRXURIPDWHULDOLQ)($PRGHO<RXQJ¶V
PRGXOXV (  *3D 3RLVVRQ¶V UDWLR ν  \LHOG VWUHVV σ\  03D DQG OLQHDU WKHUPDO H[SDQVLRQ
FRHIILFLHQWĮ î. IRU VLOLFRQDQG( *3Dν σ\ 03DĮ î. IRUERURQ
7KHHOHFWURGHLVFRPSRVHGRIDOD\HURIFRSSHUVDQGZLFKHGLQWZROD\HUVRIVROGHUDVVKRZQLQ)LJXUH7KH

)LJ7KHFRPSRVLWLRQRIVRODUFHOOZLWKERURQEDFN
VXUIDFHILHOGWKHJHRPHWU\
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DUHDRIWKHZDIHULVîPPDQGWKHDUHDRI%%6)LQSUDFWLFHLVîPPZKLFKLVOLWWOHOHVVWKDQ
WKHDUHDRIWKHZDIHU,QRUGHUWRFRPSDUHWKHHIIHFWRIWKHJHRPHWULFSDUDPHWHUVDVDPSOHLVJLYHQWRFRPSDUH
RWKHU FRQWURO JURXSV DQG WKH VL]H DV IROORZ WKH WKLFNQHVVHV RI ZDIHU %%6) DUH a ȝP a ȝP
UHVSHFWLYHO\DQGVLQWHULQJWHPSHUDWXUHLVIURPWR&>@7KHWKLFNQHVVGLUHFWLRQZDVVHWDV]D[LV
7KHGHJUHHVRIIUHHGRP'2)X\Ԧ[Ԧ]RQWKHV\PPHWU\SODQHDUHFRQVWUDLQHG$FFRUGLQJWRWKHVKDSHRI
ERZ>@ZHVHWX]DV]HURLQWKHHGJHSDUDOOHOWR[D[LV,QRUGHUWRDYRLGULJLGERG\PRWLRQLQVLPXODWLRQ
WKH'2)X[ZDVVHW]HUR WRDQ\QRGH7KH LQLWLDO VWUHVVHV LQ WKHFHOOZHUHDVVXPHG]HURDQGVHW WKH LQLWLDO
WHPSHUDWXUH ZDV WKH VLQWHULQJ WHPSHUDWXUH 7KH VLPXODWLRQ ZDV FRPSOHWHG ZKHQ WKH WHPSHUDWXUH UHDFKHG
&
6LPXODWLRQUHVXOWVDQG'LVFXVVLRQ
7KHUHVLGXDOVWUHVVDQG9RQ0LVHV VWUHVVRI WKHVDPSOHDW WKHVLQWHULQJ WHPSHUDWXUH&ZHUHVKRZQRQ
GHIRUPHGVKDSHLQ)LJXUH,WFRXOGEHVHHQWKHVRODUFHOOPRGHOVGHIRUPHGZLWKWKHIRXUFRUQHUVGHIOHFWLQJ
DZD\IURPWKHIURQWPHWDOOL]DWLRQ&RPSDULQJ WKHXQGHIRUPHGVKDSH WKHERZGXHWRVLQWHULQJZDVGLVWLQFW
7KHVH LPDJHV VKRZHG DOO IRXU TXDGUDQWV DVVHPEOHG WRJHWKHU VR WKDW WKH RYHUDOO HIIHFW FRXOG EH VHHQ 7KH
VWUXFWXUH ZDV QRW FRPSOHWHO\ V\PPHWULF DV WKH HOHFWULFDO FRQWDFWV RI WKH PHWDOOL]DWLRQV ZHUH RQO\ RQ WZR
RSSRVLWHVLGHV,QWKHPRGHOVWKHGLIIHUHQFHLQPD[LPXPGHIOHFWLRQEHWZHHQWKHDGMDFHQWVLGHVZDVZLWK
WKHVPDOOHUGHIOHFWLRQRQWKHVLGHVZLWKHOHFWULFDOFRQWDFWV>@7KHPD[UHVLGXDOVWUHVVORFDWHGLQWKHZDIHU
ZDV03D)LJXUHD03D)LJXUHE03D)LJXUHFDQG03D)LJXUHG
IRUILUVWSULQFLSDOVWUHVVVHFRQGSULQFLSDOVWUHVVWKLUGSULQFLSDOVWUHVVDQG9RQ0LVHVVWUHVVUHVSHFWLYHO\


)LJ7KHFRQWRXURIWKHUHVLGXDOVWUHVVRQWKHGHIRUPHGVKDSHDQGXQGHIRUPHGVKDSHRIWKHVRODUFHOOZLWKERURQEDFNVXUIDFHILHOGD
ILUVWSULQFLSDOVWUHVVEVHFRQGSULQFLSDOVWUHVVFWKLUGSULQFLSDOVWUHVVG9RQ0LVHVVWUHVV
D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7KHFRQWRXURIWKHERZRIWKHVDPSOHDWWKHVLQWHULQJWHPSHUDWXUH&ZDVVKRZQRQGHIRUPHGVKDSH
LQ)LJXUH,WVKRZHGW\SLFDOFRQYHUJHQFHEHKDYLRUZLWKWKHILQDOPD[GLVSODFHPHQWDWWKHFHQWHURIWKHVRODU
FHOO7KLVFRUUHVSRQGHG WRDPD[LPXPHGJHGLVSODFHPHQWRIPPDQG WKHGHIOHFWLRQRFFXUV WKH LQ WKH
FHQWHURIVRODUFHOOZDVPP7KHFDOFXODWLRQVSUHGLFWHGWKHDQLVRWURSLFVKULQNDJHDULVHVGXHWRWKLV'
UHDUUDQJHPHQW RI WKH ERURQ SDUWLFOHV GXULQJ VLQWHULQJ +RZHYHU WKH ERZ ZDV LQGXFHG E\ QRW RQO\ WKH
IRUPDWLRQRI%%6)EXWDOVRWKHVLQWHULQJRIZLUHVWRWKHVRODUFHOOV>@7KHPD[UHVLGXDOVWUHVVORFDWHGLQ
WKHZDIHUZDVîPP)LJXUHDîPP)LJXUHEPP)LJXUHFDQGPP
)LJXUHGDORQJ;D[OHGLUHFWLRQ<D[OHGLUHFWLRQ=D[OHGLUHFWLRQDQG85(6UHVSHFWLYHO\,WUHYHDOHG
WKDWWKHHODVWLFSHUIHFWO\SODVWLFPRGHOZDVJRRGHQRXJKWRVLPXODWHWKHERZDQGWKHUHVLGXDOVWUHVV7KH)(0
PRGHOFRXOGH[SODLQWKHLQIOXHQFHRIVLQWHULQJWHPSHUDWXUHZDVQRWUHPDUNDEOHZKHQWKHUHVLGXDOVWUHVVRI%
%6)KDYHUHDFKHG\LHOGVWUHVV7KHVDPHUHVXOWZDV LQYHVWLJDWHGE\H[SHULPHQWV LQ UHIHUHQFH>@ ,Q
IXWXUHWKHFRPSOH[SODVWLFPRGHOLQFOXGLQJWKHQRQOLQHDUEHKDYLRXUVFRXOGEHFRQVLGHUHGLQ)(0


)LJ7KHFRQWRXURIWKHERZRQWKHGHIRUPHGVKDSHRIWKHVRODUFHOOZLWKERURQEDFNVXUIDFHILHOGD;D[OHGLUHFWLRQE<D[OH
GLUHFWLRQF=D[OHGLUHFWLRQG85(6
7KH VLQWHULQJ WHPSHUDWXUHV ZHUH YDULHG  & WR  & DQG WKH RWKHU JHRPHWULF SDUDPHWHUV ZHUH
FRQWUROOHG WKH VDPH ZLWK VDPSOH 7KH UHVLGXDO VWUHVV DQG ERZ ZHUH VKRZQ LQ ILJXUH D ,W ZDV QRW
UHPDUNDEOH IRU UHVLGXDO VWUHVVDQGERZ LQFUHDVLQJZLWK WKH VLQWHULQJ WHPSHUDWXUH LQFUHDVLQJ ,WZDVEHFDXVH
WKHSODVWLFGHIRUPDWLRQORFDWHGLQ%%6)7KHUHVLGXDOVWUHVVRI%%6)KDVDOUHDG\UHDFKHGWKH\LHOGVWUHVVRI
WKHPDWHULDOERURQ03D7KHUHVXOWZDVWKHVDPHDVWKHERZGXHWRWKHIRUPDWLRQRI$O%6)>@7KH
HIIHFWVRI WKH WKLFNQHVVRIZDIHUDQGERURQEDFNVXUIDFHILHOGZHUH LQYHVWLJDWHG LQ WKLVVHFWLRQ7KH WKLQQHU
ZDIHUV ZHUH FRQVLGHUHG DQG WKH VLQWHULQJ WHPSHUDWXUH DQG WKH RWKHU SDUDPHWHUV ZHUH IL[HG DV  & WR
FRPSDUHWKHHIIHFWRIWKHWKLFNQHVVRIWKHZDIHUVKRZQLQ)LJXUHE7KHUHZHUHVHYHQFDVHVRIWKLFNQHVV
IURPȝPWRȝPRIZDIHUZHUHVWXGLHGLQWKLVVHFWLRQ,WFRXOGEHVHHQWKDWZLWKWKHWKLFNQHVVRIWKH
D E
F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
ZDIHULQFUHDVLQJ WKHUHVLGXDOVWUHVVDQGERZRIWKHZDIHUGHFUHDVLQJ:KHQ WKH WKLFNQHVVRIWKHZDIHUZDV
 ȝP WKHPD[ VWUHVV RI9RQ0LVHVZDV 03D DQG WKHPD[ ERZZDV PPZLWK WKH GHIOHFWLRQ
ORFDWHGDW WKHFHQWHURIVRODUFHOO+RZHYHUZKHQWKH WKLFNQHVVRI WKHZDIHUZDV ORZHU WKDQȝP WKHUH
ZRXOG EH VRPH GDPDJHV RFFXU QHDU WKH HOHFWURGHZKLFK LV WKH ORFDWLRQ RI UHVLGXDO VWUHVV FRQFHQWUDWLRQ ,Q
RUGHUWRUHGXFHWKHFRVWVSHUZDWWRISKRWRYROWDLFSRZHUWKHODUJHUDQGWKLQQHUZDIHUVZHUHPDQXIDFWXUHGWR
VDYHH[SHQVLYHPDWHULDO >@7KHUHIRUH WKHZDIHUERZDQG WKH UHVLGXDOVWUHVV LQ WKHFHOOZHUH LQFUHDVLQJO\
LPSRUWDQW LVVXHV DYRLG EUHDNDJH IRU VRODU FHOO SURFHVV GHYHORSPHQW >@ 7KH UHVLGXDO VWUHVV DQG ERZ IRU
GLIIHUHQWWKLFNQHVVRIERURQEDFNVXUIDFHILHOGDWWKHVLQWHULQJWHPSHUDWXUH&ZHUHVKRZQLQ)LJXUHF
7KHUHZHUHVHYHQFDVHVRI WKLFNQHVV IURPȝPWRȝPRIERURQEDFNVXUIDFH ILHOGZHUHVWXGLHG)URP
)LJXUHFZLWKWKHLQFUHDVLQJWKLFNQHVVRI%%6)RQO\WKHUHVLGXDOVWUHVVLQFUHDVHUHPDUNDEOH7KHUDWLRRI
WKHLQFUHDVLQJERZZDVPXFKOHVVWKDQWKHLQFUHDVLQJUHVLGXDOVWUHVV,WUHYHDOHGWKHERZRIVRODUFHOOGXHWR
VLQWHULQJZDVGRPLQDWHGE\%%6)7KHLQFUHDVLQJUHVLGXDOVWUHVVGXHWRWKHLQFUHDVLQJWKLFNQHVVRI%%6)
PLJKW FDXVH WKH ORFDO GDPDJH RI WKHZDIHU QHDU WKH HOHFWURGH+RZHYHUZKHQ WKH WKLFNQHVV RIZDIHUZDV
EHORZȝPWKHUHPLJKWEHVRPHORFDOGDPDJHVRFFXULQWKHUHJLRQRIWKHZDIHUQHDUWKHHOHFWURGHIURPRXU
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